The current paper presents the results of a restrained shrinkage test that captures the shrinkage, tensile creep and tensile stress plotted against strain behaviour of early-age concretes. Four types of concrete mixes were studied: concretes made with ordinary Portland cement (OPC) and slag-blended cements with 35%, 50% and 65% replacement of OPC. Two identical specimens of each mix were tested: one subjected to fully restrained conditions and the other allowed to shrink freely, both under the drying conditions of 23 o C and 50% relative humidity at the age of 24 h. Indirect tensile tests were also performed in the same concretes to monitor the tensile strength development. With increasing slag contents, the tensile strength decreased, which is detrimental to crack resistance. However, with increasing slag contents, the elastic modulus also decreased, which is beneficial to crack resistance. The slag content levels did not significantly influence the shrinkage and creep characteristics. Increasing slag levels did not significantly alter the time to cracking behaviours owing to the compensating effects of decreasing tensile strength and elastic modulus.
Introduction
Free shrinkage tests similar to ASTM C157 1 are commonly specified and used as a characterisation method to assess and control shrinkage cracking in concrete structures. However, this approach has limited effectiveness since it only tests free shrinkage, which is only one of the parameters that influence restrained shrinkage cracking. The other parameters that influence restrained shrinkage cracking, namely tensile creep, tensile elastic modulus and tensile strength development, are not taken into consideration in this approach. In conventional concretes, where aggregates, Portland cement and water are the only ingredients, the other parameters-creep, elastic modulus and tensile strength-are not radically different between concretes. Therefore, free shrinkage test values may be used as an indicator of cracking potential. However, in modern concretes, where a variety of admixtures and blended cements are utilised, the other parameters may be radically different when compared with Portland cement concretes. Therefore, a holistic approach, which considers all the parameters that influence the cracking tendency, should be studied when comparing different concretes. The results presented in the current paper, comparing concretes made with ordinary Portland cement (OPC) and blended cements using ground granulated blast-furnace slag (slag), demonstrate that this indeed is the case.
Another limitation of free shrinkage tests (ASTM C157 1 ) is that the test is meant for measuring long-term shrinkage. Long-term shrinkage mechanisms are different to the early-age shrinkage mechanisms. Therefore, the long-term test results cannot be used for assessing the early-age shrinkage cracking tendency of concretes. Further, subtle differences in test methodologies, such as between the ASTM C157 1 method and the Australian method, 2 can cause significant differences in the test results depending on the type of concretes tested. 3 The shrinkage cracking potential of a concrete can only be assessed by some form of restrained shrinkage test. There are many test methods reported in the literature. One of them is a uniaxial restrained shrinkage beam test. [4] [5] [6] [7] [8] [9] With this test, the actual shrinkage force (hence the stress) under the fully restrained conditions can be measured and the concrete properties such as creep and associated relaxation, tensile elastic modulus and tensile strength can be obtained for assessing the risk of cracking during the first few days after placement.
A popular restrained shrinkage test method is the ring test (ASTM C1581 10 ), which includes the effects of the secondary factors mentioned above as well as the shrinkage. In this test, the main measure is the time to cracking. The test results presented in the current paper show that the different concretes could exhibit significantly different shrinkage, creep, elastic modulus and tensile strength properties, but the differences in their cracking times measured may not be significant.
It would be desirable to measure all the factors involved in the restrained shrinkage cracking processshrinkage, tensile creep, tensile elastic modulus and tensile strength-in a single test using the same test specimen. With this aim, a testing rig was developed for the current study, based on the original concept by Springenbucher et al.
11 but with modifications to suit this particular series of tests. The results presented in the current paper mainly focused on comparing the behaviours of concretes made with slag-blended cements and OPC.
The two main objectives of the current study are to (a) gain a better understanding of restrained behaviour of concretes by comparing concretes with slagblended cements and OPC, which present significantly different physical properties (b) provide additional data on early-age tensile strength development, shrinkage, tensile creep and tensile elastic modulus of concretes made with slag-blended cements.
The above objectives form part of the long-term study with an aim to develop a robust method of analysis and design based on fundamental properties of concretes for limiting cracks and crack widths in both slagblended cement-based concretes and concretes in general. The importance of the second objective mentioned above is reinforced by the lack of data that are available in the literature for early-age tensile behaviour. It is common in many analysis and design methods (e.g. Nejadi and Gilbert 12 ) to assume that the tensile creep and elastic modulus are the same as those found under compressive stresses. A few studies reported on this subject so far 6, 7, 13 demonstrate that this assumption is not always accurate. Further, only a limited number of studies have been reported on the early-age creep and shrinkage of concrete containing blended cements. 14 
Research significance
Design of reinforced concrete structures for limiting cracks and crack widths is important for many reasons, including long-term durability. Currently, these designs are based on empirical formulae (e.g. a certain minimum percentage reinforcement for shrinkage crack control). These empirical methods have served well in the majority of cases. However, when the physical properties of concretes are significantly different, such as in the case of concretes made with slag-blended cements, these empirical formulae may not work in all the conditions. It would be desirable to develop methods based on fundamental models, namely models for tensile creep, shrinkage, tensile elastic modulus and tensile strength behaviour of early-age concrete, so that the design methods are more robust and cater for a wider range of concretes than the current methods. This research contributes to the development of such models.
Experimental investigation

Materials and mix compositions
OPC-based concretes and concretes made with slagblended cements with OPC/slag ratios of 65:35, 50:50 and 35:65 were tested. The physical and chemical compositions of the slag and OPC used in this study are presented in Table 1 . The concrete mixtures were based on a commonly used concrete with 28-day strength of 32 MPa with 80 mm slump. Table 2 shows the details of the mixture proportions. All the aggregate weights shown in are in saturated and surface dry (SSD) condition. The density of slag is lower than the density of OPC; therefore, the volume of the cementitious component increases when OPC is replaced by slag on a weight-for-weight basis. To compensate for this, the amount of fine aggregate and water was adjusted, as can be seen in Table 2 .
It is common practice in research literature in this field to compare mixes with the same water-to-binder ratio. However, the complication here is the specific gravity of slag, which is lower than that of Portland cement (Table 1) . Therefore, the total volume of the binder increases when Portland cement is replaced on an equivalent weight basis, thereby increasing the paste volume. If the paste volume is to be maintained, then the amount of water added needs to be reduced. For this reason, in the current study, it was decided to adopt a practical approach by maintaining a constant slump of 80 mm in all the mixes by adjusting the water added.
The water contents required in each of the mixes are shown in Table 2 . The percentage paste volume in mixes with 0%, 35%, 50% and 65% slag can be calculated as 29 . 8%, 29 . 1%, 29 . 3% and 29 . 0% respectively. As can be seen, the percentage of paste volume does not change significantly between the mixes. The total cementitious content in all concrete mixtures was kept constant at 300 kg/m 3 . All concrete mixtures contained a water-reducer addition of 1200 ml/m 3 and coarse aggregate content of 1100 kg/m 3 . The coarse aggregate was basalt with a maximum size of 14 mm. The specific gravity and absorption rate of the coarse aggregate were 2 . 95 and 1 . 2% respectively. Washed fine sand was used for fine aggregate, with a specific gravity of 2 . 65 and an absorption rate of 0 . 5%. The fine aggregate content varied between mixes (Table 2) .
For each restrained shrinkage test, two specimens of 1100 mm length and 75 3 75 mm cross-section were directly cast into the moulds of the restrained and free shrinkage test rigs. In addition, six cylinders of 100 mm diameter and 200 mm height were cast for each mixture to monitor the development of split tensile strength of concrete. The split tensile strength tests were performed as per ASTM C496, 15 except for the curing. The cylinders were taken out of the moulds at the age of 24 h and subjected to the same drying conditions as the restrained shrinkage test specimens, namely 23 AE 1 o C and 50% AE 5% relative humidity. Two cylinders were tested each day for three days to determine the split tensile strength developments.
Restrained shrinkage test method
Two identical 'dog-bone' specimens of 1100 mm long and 75 3 75 mm were used in a single test. One of the specimens was subjected to a 'fully restrained' strain condition while the other specimen was allowed to shrink freely. A schematic diagram of the test rig developed for this purpose is shown in Fig. 1 . The test rig contains two springs each with stiffness of 0.12 kN/mm.
Each time, when the specimen shrinks by a predetermined target amount, this shrinkage is recovered manually by rotating the gear box, which increases the restraining force on the specimen. This recovery is an instantaneous or elastic strain (å e ) applied to the specimen. The specimen is then allowed to shrink in this state until it shrinks again by the target amount and then this strain again is fully recovered. This process is repeated until the specimen cracks. In the present study, a target shrinkage of between 4 and 8 micro-strains (10 À6 mm/mm) was used. During the periods between the manual strain recoveries (by rotating the gear box), the specimen is allowed to shrink between 4 and 8 micro-strains. During this shrinkage period, there is no increase in the force being applied to the specimen. This is achieved by allowing the flexible springs to absorb the shrinkage strain without increasing the force on the specimen. Load cell readings during these periods confirm that the force indeed remains constant. Fig. 2 shows the step-by-step elastic strain recovery curve. As a result of the force being constant between recoveries, the elastic strain between recoveries remains constant in this curve. This is the key to the workings of this test rig.
Since the force is increased only when the strains are recovered (not when the specimen shrinks), the amount of elastic strain experienced by the specimen is known (by addition of all the recovered strains). The accompanying identical specimen undergoing free shrinkage provides the free shrinkage strains (å sh ). Since the restrain condition imposed is 'fully restrained'-that is, all shrinkage strains are fully recovered-the total strain in the restrained test specimen is zero. Therefore
where å e is the cumulative elastic strain (from recovery strains), å cr is the creep strain and å sh is the free shrinkage strain obtained from the accompanying specimen. From this, the creep strain experienced by the specimen can be calculated by
This process of calculating elastic and creep strains is illustrated in Fig. 2 . The force in the load cell is measured during the test. By dividing the force by the crosssectional area, the tensile stress is calculated.
The test rig developed for this study is based on a previously developed concept.
11 Some previous studies 7, 8 utilised sophisticated servo-controlled equipment to achieve the shrinkage recovery regime. The test rig in Fig. 1 utilises only simple tools that can be built in most concrete laboratories with modest budgets, yet are capable of achieving accurate measurements. Bloom and Bentur 5 also utilised a test rig without a servocontrolled system, with a different test arrangement to the one used in the present paper.
The specimens were cast in situ in the test rigs with two aluminium pins at 700 mm apart in the middle part where the cross-section of the specimen was 75 3 75 mm (Fig. 1) . The moulds were made in such a way that they could be removed (after about 10-12 h) without interfering with the test set-up. It is known that increasing slag content increases the set time. 16 However, the mould removal times were kept the same (between 10 and 12 h) to be consistent between the test samples. As soon as the moulds were removed, a linear variable displacement transducer (LVDT) with an accuracy of 0 . 001 mm was installed between the two embedded pins to measure the longitudinal deformation of the specimen. A photograph of the free and restrained shrinkage tests is given in Fig. 3 .
Both the identical specimens were sealed using thick plastic sheets as soon as they were removed from the moulds to maintain the moisture. At the age of 24 h, the plastic sheets were removed and both the specimens were exposed to a drying condition of 23 AE 18C and 50% AE 5% relative humidity. During the first 24 h, shrinkages and expansions exhibited by both specimens were continuously measured. As soon as they were exposed to the drying condition, the specimens started to shrink. As explained earlier, the shrinkages of the specimen in the restrain test rig was recovered every time it shrank between 4 and 8 micro-strains while the accompanying specimen was allowed to shrink freely. During each recovery cycle, the applied restraining force was increased and then was maintained constant between the recoveries. At the same time, the tensile strength of the concrete also increased as the concrete aged. The tensile strength development with age was being measured independently by indirect tensile strength tests using cylinder specimens that were cast at the same time. The recovery cycles of the restrained specimen were repeated until the specimen cracked, at which time the tensile stress being applied to the specimen exceeded the tensile strength. The restraining force being applied to the specimen was being measured continuously by a load cell connected to the gearbox and logged with a data logger and saved in a computer. The specimens were supported by five steel rollers to allow movements of the specimens with negligible friction resistance. The specimens were designed with enlarged ends to avoid failure at the ends. Fig. 1 also shows the dimensions of specimens. The restrained specimen was connected to swivel joints at both ends to avoid any bending moment being applied to the specimen owing to unintended eccentricities of applied forces.
Test results
Shrinkages in sealed conditions for the first 24 h
The effect of slag content on the free shrinkage of slag-concrete mixes in sealed conditions is shown in Fig. 4 . Free shrinkage curves indicate that the slag mixes exhibited a maximum expansion strain of 20 micro-strains (10 À6 mm/mm), which was reached after 2 . 5 h after the specimens were sealed. The control mix with no slag showed a small shrinkage of 15 microstrains (10 À6 ). The effect of slag content on the free shrinkage at 24 h age can be clearly seen in Fig. 4 . The higher the slag content in the concrete mixture, the lower the sealed shrinkage strains. Regardless of the slag content, the shrinkage values are relatively low in all concretes during this period. In the first 24 h, the concrete is considered to have a low elastic modulus and high creep capacity. Therefore, the contribution of these strains to the tensile stresses developed in restrain conditions is considered to be negligible.
Shrinkages in drying conditions after the first 24 h
Restrained shrinkage stress. The average tensile stress was calculated by dividing the measured tensile force that was required to restrain shrinkage deformation by the cross-section area (75 3 75 mm) of the specimen. The results are presented in Fig. 5 . It is obvious from the results that the shrinkage stress evolution reduced with increasing slag content in the mixture. The control mix (0% slag mix) cracked at the highest shrinkage stress at 1 . 74 MPa compared to 35% slag, 50% slag and 65% slag mixes that cracked at 1 . 46, 0 . 77 and 0 . 67 MPa respectively. Further, the slag mixes took longer to crack than the control mix, as can be seen in Fig. 5 . The control mix (0% slag), 50% and 65% slag mixes all took a similar length of time to crack, while the 35% mix took 13% longer time to crack.
Free shrinkage. Free shrinkage was measured in the accompanying specimen identical with the restrained specimen. The results of the measured free shrinkage of all the mixes are presented in Fig. 6 . In the first few hours of exposure, the 35% slag and 65% slag mixes experienced a lower rate of shrinkage evolution, whereas the 50% slag mixture demonstrated a higher rate of shrinkage typical to the initial rate of shrinkage of the control mix. However, all slag mixes showed a higher rate of shrinkage after 7-10 h of exposure in comparison to the control mix. The higher rates of shrinkage by slag mixes after this time may be explained by the onset of the pozzolanic reaction of slag cement that consumes hydroxide crystals. Jensen and Hansen 17 explained that the calcium hydroxide crystals act as internal restraints and the removal of these crystals induces additional shrinkage. At the time of cracking, the free shrinkage strains of the 0%, 35%, 50% and 65% slag mixes were 59, 85, 76 and 68 micro-strains, respectively. These results are consistent with the water loss results shown in Fig. 7 , which were measured by weight loss tests simultaneously with the unrestrained shrinkage tests.
Tensile creep and creep factors. The cumulative elastic strains imposed on the specimens during the strain recovery cycles are subtracted from the free shrinkage strains to obtain the creep strains. The results show that the tensile creep is proportional to the free shrinkage strain as presented in Fig. 8 . The creep strain at the time of cracking reached strains of 28, 39, 37 and 17 micro-strains for mixes of 0%, 35%, 50% and 65% slag, respectively. The corresponding cumulative elastic strains at cracking for the same mixes were 46, 39 and 46 micro-strains, respectively. The comparison between the tensile creep and free shrinkage demonstrates the degree of relaxation experienced by the restrained concrete increased with increasing shrinkage.
The creep factor is a commonly used parameter in the analysis and design of reinforced concrete. 18 Creep factors calculated for the results obtained in this study are presented in Fig. 9 . The creep factors presented in Fig. 9 are defined as the ratio of creep strain to the cumulative elastic strain at the specified time. 7 All slag mixes showed a lower development of creep factor compared with the control (0% slag) mix. At the time of cracking, the 50% slag mix showed a creep factor of 0 . 95 which was similar to the control mix, whereas the 35% and 65% slag mixes showed lower values of 0 . 8 and 0 . 36, respectively.
Tensile strength. The indirect tensile strength development for the concrete mixes is presented in Fig. 10 . All slag mixes showed lower tensile strength values compared to the control mix. The results show that the tensile strength consistently reduced with increasing slag content. As compared to the control mix, the 35%, 50% and 65% slag mixes resulted in 20%, 60% and 76% reductions in tensile strength, respectively. It seems that additions of slag cement of more than 35% cause significant reductions to tensile strength. It is clear that the higher tensile strengths of the 35% slag mix combined with the lower elastic modulus were the cause of the longer time to cracking in this concrete by 13% compared to the control mix.
The specimen size and geometry influence the drying gradient and the associated cracking, which affects the tensile strength. Therefore, the use of split tensile strength in creep analysis may not be accurate in the early age. 7 During the first 24 h after exposure, the tensile stresses at cracking in restrained specimens were 1 . 4 times higher than the split tensile strengths measured by cylinders for all concrete mixtures. These ratios compare well with the values found by Altoubat and Lange. 7 Modulus of elasticity. The tensile stresses plotted against tensile strains of all the mixes are presented in Fig. 11 . The results show that stiffness of the concrete consistently reduces with increasing amounts of slag. The longer time to cracking of the 35% slag mix may be attributable to its lower stiffness; however, the 50% and 65% slag mixes show even lower stiffness than the 35% slag mix, but they cracked before the 35% slag mix. This shows that creep effects also play a significant role in time to cracking.
The effects of ageing on the development rate of secant elastic modulus for mixes are presented in Fig.  12 . The secant elastic modulus is defined as the slope of any point in the stress-strain curve in relation to the origin of the graph. All slag mixes showed almost no change in elastic modulus over the test period, indicating that secant modulus reductions owing to increasing strains are compensated by the improvement of secant modulus caused by ageing. An exception was the control mix, which showed a rapid increase of elastic modulus (owing to the ageing effect) followed by reduction resulting from increasing strain.
Repeatability of test results. The free and restrained shrinkage tests were conducted for the 50% slag mix to find the repeatability of the results. Fig.  13 shows that the results of the creep and shrinkage strains of replicate samples are within 10%. Fig. 14 also shows the tensile stress development and the cracking time, which were almost the same.
Conclusions
Four different concretes with 0%, 35%, 50% and 65% slag replacement of OPC were tested. The slag replacement levels significantly affect the shrinkage, creep, elastic modulus and tensile strength character- istics. These data can be used to calibrate previously developed numerical models 9 to study the behaviour of restrained concrete made with slag-blended cements.
(a) Under 'fully restrained' conditions, all the specimens cracked in similar time periods, although they exhibited significantly different basic characteristics, namely elastic modulus, creep, tensile strength and shrinkage. Under different restraint conditions, the time to cracking may not be the same. Therefore, it is important to measure these basic characteristics and model the restrained behaviour to estimate the cracking tendency of a concrete. (b) Increasing slag content reduces the stress at which concrete cracks. At the time of cracking, the tensile stress in the OPC (0% slag) concrete was 1 . 74 MPa. The corresponding stresses in 35%, 50% and 65% slag concretes were 1 . 46, 0 . 77, 0 . 67 MPa respectively. (c) The tensile creep played a significant role in relieving the tensile shrinkage stresses developed in all restrained concrete specimens. Creep strain compensated for approximately 50% of the shrinkage strains. (d ) All slag mixes showed a reduction in stiffness with an increasing amount of slag content. (e) In slag mixes, the secant moduli remained approximately constant during the test period. This is because the increase in tangent moduli owing to ageing was compensated by the decrease in tangent moduli at high strains. However, this was not the case for 0% slag mix. ( f ) The free shrinkage at 24 h of age in slag concrete mixes was less than the control 0% slag mix. (g) The results of free-drying shrinkage were consistent with the water loss results.
